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ABSTRACT
In response to global regulation of high global warming potential (GWP) refrigerants, the application of lower GWP
refrigerants to air conditioning equipment has been strongly accelerated. Toward the adoption of new refrigerant
alternatives, evaluations of tribological properties of sliding elements in compressors are essential because the
physical properties of refrigerant oil mixed with the refrigerant strongly affect the seizure resistance of the
compressors. Here, we selected several refrigerants including hydrofluoroolefin (HFO) as candidates for a low-GWP
refrigerant applicable to refrigerant compressors. We measured the viscosity of lubricating oil mixed with the liquid
refrigerant. We also performed seizure resistance tests in refrigerant oil with low concentration in the liquid
refrigerant to evaluate seizure resistance under the condition that the liquid refrigerant is returned to the compressor.

1. INTRODUCTION
To combat global climate change, reducing the emission of fluorinated gases (F-gases) has been strongly
encouraged. In Europe, EU F-Gas Regulation controls the use of high global warming potential (GWP) refrigerants
including hydrofluorocarbon (HFC) refrigerants. In the development of compressors for commercial or residential
air conditioners, adoption of lower GWP refrigerants including hydrofluoroolefin (HFO) refrigerants has been an
urgent priority. Accordingly, it is essential to find proper refrigerant oils compatible with new refrigerants because
mutual solubility and mixture viscosity of the refrigerants and refrigerant oil affects the performance of the air
conditioning system. In tribological aspects, seizure resistance of sliding elements within compressors must be
considered as the main reliability index, because the physical properties of refrigerant oil mixed with the refrigerants
strongly affect the seizure phenomena of the compressor. For example, under severe operating conditions, the return
of the liquid refrigerant to the compressor lowers the viscosity of the refrigerant oil significantly because of the
liquid refrigerant/oil mixing. As a result, it may cause a breakdown of the oil film between sliding elements of the
compressors and their subsequent seizure. Here, we chose several refrigerants in which a HFO refrigerant is
included solely or blended, as lower GWP alternatives to conventional HFC refrigerants like R410A and R32. We
measured the viscosity of the refrigerant oils dissolved in the liquid refrigerant. By using these refrigerants, we also
performed the seizure resistance tests in refrigerant oil with low concentration in the liquid refrigerant to evaluate
the seizure resistance under the severe condition that the liquid refrigerant is returned to the compressor.
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2. REFRIGERANT AND REFRIGERATION OIL
Table 1 shows characteristics of HFC/HFO containing refrigerants used in this study. R1234yf and R1123 are pure
HFO refrigerants with much lower GWP than the other refrigerant listed in Table 1. On the other hand, R1234yf has
the drawback of a lower heat capacity compared to R410A and R32. As a solution, refrigerant blends including
R1234yf and conventional HFC like R32 have been developed. R1123 also has the disadvantage that it is chemically
unstable and likely to disproportionate under particular conditions when used as a single refrigerant. Therefore,
R1123 must be used in refrigerant blends, mainly mixed with R32. As shown in Table 1, DR-47, DR-5A, 460X and
370Y2 are refrigerant blends, in which R32 HFC refrigerant is mixed with R1234yf and/or R1123. DR-47 with
GWP of 1494 is an alternative to R410A used for commercial chillers. The other refrigerants with GWP ranging
from 373 to 466 are alternatives to R32 used for residential air conditioners. Finally, we used polyolester (POE) with
viscosity grade of VG46 as a refrigerant oil.
Table 1: Characteristics of HFC/HFO refrigerants

Refrigerant
R32
R134a
Composition R125
(wt%)
R744
R1234yf
R1123
GWP (100-year)
Flammability
(safety classification)

R410A

R32

50
50
2090
No
(A1)

100
675
Lower
(A2L)

DR-47

DR-5A

(R463A)
36
14
30
6
14
1494
No
(A1)

(R454B)
68.9
31.1
466
Lower
(A2L)

460X

370Y2

R1234yf

R1123

68
-

100

32
459

55
26
19
373

100
4

Lower

Lower

4
Lower
(A2L)

Lower

3. EXPERIMENTAL SETUP
3.1 Viscosity Measurements
Figure 1 shows the schematic of viscosity measurements of refrigerant/oil mixtures. After evacuation of the pressure
vessel, controlled amounts of refrigerant and refrigerant oil are put into the vessel. The refrigerant oil and the liquid
refrigerant are then stirred for 10 minutes to mix them homogeneously. After that, the pressure vessel is set in a
temperature chamber and left to stand until the temperature in the vessel reaches a constant steady-state value.
Finally, the kinematic viscosity of oil/refrigerant mixture is measured by the viscometer mounted on the vessel.
Table 2 shows the experimental conditions of viscosity measurements. The refrigerant oil concentration in the liquid
refrigerant ranges from 25 to 60 wt%. The temperature in the vessel varies from -20 to +20 °C.
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Figure 1: Schematic of the viscosity measurement of refrigerant/oil mixtures

Table 2: Experimental conditions of the viscosity measurement
Temperature in the
pressure vessel (°C)
Oil concentration
in a liquid refrigerant (wt%)

-20, -10, 0, 10, 20
40, 50, 60

3.2 Seizure Resistance Tests
Schematic of seizure resistance tests is shown in Figure 2. A disk-on-disk tester mounted in the pressure vessel was
used in this study. Test specimens are shown in Figure 3. The doughnut-shaped rotating disk specimen is attached to
the lower rotating shaft and slides against the fixed disk specimen, attatched to the upper shaft, as shown in Figure 2.
The central axes of both specimens conincide with the center of rotation. Initially, the specimens are separated and
no load is applied to them. After the seizure resistance test begins, they come into contact and a normal load is
gradually applied by the compression of the spring. The normal load is monitored by the load cell and controlled at a
designated value. Friction force is also measured by another load cell, which is in contact with the end of lever arm
protruding at the side of the upper shaft, and prevents its rotation. The fixed disk specimen and the upper shaft are
jointed through a steel ball, which allows the fixed disk specimen to reorient and prevents an undesirable partial
contact with the rotating disk specimen. The temperature control pipe was installed in the chamber and ambient
temperature was controlled continuously until the seizure resistance test started. The ambient temperature is
monitored with the thermocouple to detect the rapid increase in temperature caused by frictional heating. A specified
amount of refrigerant and refrigerant oil are filled in the pressure vessel. The liquid surface of the refrigerant/oil
mixture is set at a level higher than the sliding surface. Mixing bars are attached to the rotating disk specimen to stir
the mixture. A schematic of oil feeding to the sliding surface is shown in Figure 2 (b). As shown in Figure 3 (a), the
oil feeding hole is mounted in the center of the fixed disk specimen. The hole is connected to the oil feeding path
mounted in the holder of the fixed disk specimen. The oil is supplied through the path and led to the oil feeding
grooves mounted in the rotating disk specimen as shown in Figure 3 (b).
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Figure 2: Schematic of the seizure resistance test using disk-on-disk tester

Figure 3: Specimens used in the seizure resistance test
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Experimental conditions of seizure resistance tests are shown in Table 3. We used copper tin alloy for the fixed disk,
and chromium molybdenum steel for the rotating disk, which are used as the materials of a sliding bearing and a
shaft in compressors, respectively. Ambient temperature was controlled at 298 K. Under the regular operating
conditions of refrigerant compressors, oil concentration of 50 wt% or more is ensured and seizure does not occur.
However, especially in winter, condensed liquid refrigerant flows to the compressor transiently, and seizure may
occur when the compressor starts because of the viscosity drop. Therefore, the oil concentration in the seizure
resistance test was set at 10 wt%, which is lower than the severest operating conditions of compressors. Sliding
velocity was adjusted to 4.2 m/s before applying normal load to the test specimen. Figure 4 shows an example of
coefficient of friction data obtained from the seizure resistance test. The normal load applied to test specimens was
increased by 100 N per minute. As shown in Figure 4, the coefficient of friction at steady sliding is 0.05―0.10. It is
assumed that the seizure occurred when the friction coefficient exceeded 0.20, higher than the stable state. We
defined the seizure load as the applied load when the seizure occurred.
Table 3: Experimental conditions of seizure resistance test
Materials
Ambient temperature
Oil concentration
Sliding velocity
Incremental load
Sampling rate
Contact area

Fixed disk: copper tin alloy
Rotating disk: chromium molybdenum steel
298 K
10 wt%
4.2 m/s
Stepping 100 N/min
5 Hz
110 mm2

Figure 4: Example of coefficient of friction data obtained from the seizure resistance test
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3.2 Sludge formation tests
Evaluating the wear properties in oil/refrigerant mixture, we performed the pin and Vee block wear test in the
mixture, as shown in Figure 5. For accelerating wear induced by sliding and chemical degradation of the mixture,
the test was conducted at a higher temperature than for the seizure resistance tests mentioned above.

Figure 5: Schematic of sludge formation test using pin and Vee block tester

Table 4 shows the experimental conditions of sludge formation tests. The temperature in the pressure vessel is
controlled at 448 K. After the test for 72 hours, sludge of degradation products and wear particles was collected by
filtration of the mixture and the mass of the sludge was measured.
Table 4: Experimental conditions of sludge formation test
Temperature
Refrigerant/oil content
Sliding time
Load
Revolution

448 K
100 ml/350 ml
72 h
500 N
8 Hz

4. EXPERIMENTAL RESULTS
4.1 Viscosity measurements of oil/refrigerant mixtures
Figure 6 shows the results of viscosity measurements of oil/refrigerant mixtures. As shown in Figure 6, in all
refrigerant alternatives including HFO, viscosities of refrigerant oil mixed with the refrigerants are equal to or
greater than for that mixed with conventional pure HFC refrigerant R32, with the oil concentration between 50 to 60
wt%. In addition, as the weight ratio of HFC in the refrigerant alternatives increase, the mixture viscosities have a
tendency to rise. Therefore, there seems to be less negative effect on the seizure resistance of compressors when
adopting the refrigerant alternatives, because rise in oil viscosity prevents the occurrence of seizure caused by
breakdown of the oil film on the sliding area. On the other hand, there is little difference between the refrigerant
species in the mixture viscosities under the condition of lower oil concentration of 40 wt%. The condition of low oil
concentration below 50 wt% coincides with one of the severest operating condition of refrigerant compressors under
which the liquid refrigerant returns to the compressors at relatively low operating temperature, especially in winter.
Next, we performed seizure resistance tests in the oil/refrigerant mixtures with an extremely low oil concentration of
10 wt% to precisely evaluate the seizure resistance in oil/refrigerant mixtures under the condition that the mixture
viscosities are extremely low.
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Figure 6: Viscosities of oil/refrigerant mixtures
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4.2 Evaluation of seizure resistance in oil/refrigerant mixtures
Figure 7 shows the results of seizure resistance measurements of sliding elements of compressors lubricated with
oil/refrigerant mixtures. As shown in Figure 7, seizure resistances in oil/refrigerant mixtures using refrigerant
alternatives including HFO are lower than that using pure HFC refrigerant R32. Moreover, the seizure resistance
decreases as the molar fraction of HFO in the refrigerant increases. It has been reported that HFO refrigerants with
an unsaturated chemical bond are more likely to physically adsorb onto a metal surface than HFC refrigerants with
only a saturated chemical bond. On the sliding surface, adsorbed HFO molecules may cause a formation of a metal
fluoride layer induced by frictional heating. Therefore, a possible reason for the lower seizure resistance when using
refrigerant alternatives including HFO is inhibition of chemical reactions between extreme pressure (EP) additives
in the refrigerant oil and the sliding metal surface, caused by the fluoride layer.

Figure 7: Seizure resistance of sliding elements of compressors
lubricated with oil/refrigerant mixtures.

Results of observation and analysis of the sliding surface after the seizure resistance tests with the same load of 1900
N are shown in Figure 8 and Figure 9. We used pure refrigerants R32 and R1234yf for the test. Figure 8 shows
optical microscope images of the sliding surfaces. The sliding surface after the seizure resistance test in R1234/POE
mixture clearly shows wear tracks on it, although there are scarecely any scuff marks on the sliding surface in the
test with the R32/POE mixture. This indicates qualitatively the deterioration of tribological properties by adopting
refrigerants that include HFO, as mentioned before. Figure 9 shows energy dispersive X-ray (EDX) analysis of
fluorine, phosphorus, and sulfer content on the sliding surfaces. As shown in Figure 9 (a), the fluorine content on the
surface tested with the R1234yf/POE mixture is higher than that tested with the R32/POE mixture. This result shows
that a fluoride layer is likely to be formed in refrigerants that include HFO. We also found the phosphorus and sulfer
content in sliding surface in R1234/POE mixture is lower, as shown in Figure 9 (b) and (c). There is a possibility
that phosphorus and sulfer originate from extreme pressure (EP) additives in POE oil and improve the tribological
performance under high pressure, by forming a phosphorus and sulfide layer on the sliding surface. It is
hypothesized that a fluoride layer inhibits sulfide layer formation by chemical reaction between the EP additives and
the sliding surfaces. As a result, resistance to wear and seizure worsen as tested in the refrigerants that include HFO.
Next, we performed the quantitative evaluation of the sludge amount caused by sliding wear in the oil/refrigerant
mixture.

24th International Compressor Engineering Conference at Purdue, July 9-12, 2018

1337, Page 9

Figure8: Optical microscope images of the sliding surfaces after the seizure resistance tests
in R32/POE (a, c) and R1234yf/POE (b, d) mixtures.
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Figure 9: EDX analysis of fluorine (a), Phosphorus (b) and sulfer (c) content in the sliding surfaces
after the seizure resistance tests in R32/POE and R1234yf/POE mixtures

4.3 Evaluation of sludge amount generated by sliding tests in oil/refrigerant mixtures
Figure 10 shows the sludge amount generated by sliding wear in oil/refrigerant mixtures. We measured sludge
amount generated in the R32 and DR47 refrigerant mixed with the POE oil, which show the first and second highest
seizure resistance respectively, as shown in previous section. In addition, we also used the conventional R410A
refrigerant mixed with the POE oil as a reference of the sludge amount. We found that the sludge amount increases
by adopting the DR47 refrigerant as compared to the R32 refrigerant. This result indicates that the HFO containing
refrigerants negatively affect the lubricity of the sliding surface in an oil/refrigerant mixture and promotes wear, as
discussed previously. It has been reported that HFO refrigerants are likely to react with additives in refrigerant oil to
form oxides. Increase in sludge amount in the HFO refrigerants observed in this study may be attributable to the
reactivity of additives to the HFO refrigerant. Finally, as shown in Figure 10, the increase in the sludge amount by
adopting the DR47 refrigerant is relatively small and almost negligible, when compared to that formed in R410A,
which is a widely accepted refrigerant in the A/C market. As a future work, we will seek new refrigerant oils with
optimal additives used with refrigerants that include HFO for further reduction of the sludge amount. In parallel with
this, the impact of the sludge formation on compressor failure in terms of sliding components will be thoroughly
evaluated by performing actual tests on compressors.
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Figure 10: Sludge amount generated by sliding tests
in oil/refrigerant mixtures.

5. CONCLUSIONS
In this study, we selected several refrigerant alternatives that include hydrofluoroolefin (HFO) as candidates for lowGWP refrigerants applicable to refrigerant compressors. We measured the viscosity of the refrigerant oil mixed with
the liquid refrigerant. We also performed the seizure resistance tests in refrigerant oil with low concentration in the
liquid refrigerant to evaluate seizure resistance under the severe compressor operating condition that the liquid
refrigerant is returned to the compressor. We found that viscosity of the refrigerant oil mixed with the refrigerants
affects the seizure resistance less than does the molar fraction of HFO in the refrigerants. As the seizure resistance
dropped when the molar fraction of HFO in the refrigerants increased, we hypothesize that the formation of a metal
fluoride layer formed by the HFO, which has higher adsorption activity than HFC inhibits the chemical reaction
between extreme pressure additives in the refrigerant oil and the metal sliding surface.
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